Introduction
============

Osteosarcoma is the most common primary malignant bone tumor in children, adolescents and young adults [@B1]. Currently accepted treatments for this disease include surgery, chemotherapy, and radiation-therapy [@B2], [@B3]. Commonly employed chemotherapeutic agents are Methotrexate (MTX), Adriamycin (ADM), cis-dichlorodiamineplatinum (CDDP), and ifosfamide (IFO) [@B2]**.** However, the therapeutic efficiency of these treatments is often transient and ineffective for advanced osteosarcoma [@B4]. Therefore, there is an urgent requirement to identify new therapies for the disease.

Arsenic trioxide (ATO) is a traditional Chinese medicine which has long been used to treat a wide spectrum of diseases including arthritis, dermatologic conditions, neuropathies, hemorrhoids, and asthma [@B5]. Recently, ATO has been used to treat various malignancies and has been shown to have significant benefit in the treatment of acute promyelocytic leukemia [@B6]-[@B8] as well as a broad spectrum of hematologic and solid tumors in preclinical models [@B9], [@B10]. In the treatment of osteosarcoma, ATO has been shown to induce apoptosis of p53 null human1osteosarcoma MG63 cells through the inhibition of catalase [@B11] and inhibit proliferation of human osteosarcoma U2OS cells by regulating the gene expression of Survivin and Bcl-2 [@B12].

Heme oxygenase-1 (HO-1), degrades heme into biliverdin, iron, and CO, is a major antioxidant enzyme [@B13] and plays a central role in the removal of intracellular reactive oxygen species (ROS) [@B14]. Because it regulates formation of ROS, a common mediator of apoptosis, the induction of HO-1 could presumably lessen the efficacy of chemotherapeutic agents in the treatment of human osteosarcoma. In this respect, HO-1 has been shown to provide cellular protection in multiple myeloma cells against the key anti-myeloma drugs bortezomib and lenalidomide [@B15]. In a previous study, we found that induced expression of HO-1 confers resistance of human osteosarcoma MG63 cells to ATO [@B16]. Little is known about the mechanisms by which ATO induces expression of HO-1 in these cells. Therefore, the present study was carried out to identify the mechanisms underlying the induction of HO-1 that resulted from the exposure of human osteosarcoma MG63 cells to ATO.

Materials and Methods
=====================

Materials
---------

ATO was purchased from Pharmaceuticals Limited Company of Harbin Medical University (Harbin, China). High-glucose Dulbecco\'s Modified Eagle Medium (H-DMEM) was purchased from Gibco BRL (Rockville, USA). Fetal bovine serum (FBS) was purchased from HyClone Inc. (Logan, USA). PCR primers were purchased from Sangon Biotech (Shanghai, China). RNase-free DNase I, Trizol reagent and the RT-reaction kit were purchased from TaKaRa Biotechnology (Dalian, China). Actinomycin D and TSA were from Beyotime Institute of Biotechnology (Jiangsu, China). Rabbit anti-human NFE2L2 polyclonal antibody from Signalway Antibody (Maryland, USA), Mouse anti-human Histone H3 monoclonal antibody from Tianjin Sungene Biotech Co., Ltd. (Tianjin, China), Rabbit anti-human HO-1 polyclonal antibody, mouse anti-human β-actin monoclonal antibody, horseradish peroxidase (HRP)-labeled anti-rabbit IgG and anti-mouse IgG were purchased from Proteintech Group (Chicago, USA). The enhanced chemiluminescence (ECL) kit was purchased from Pierce Biotechnology, Inc. (Rockford, USA).

Cell culture and treatments
---------------------------

Human osteosarcoma MG63 (ATCC\#: CRL-1427) and U2OS (ATCC\#: HTB-96™) cells were purchased from the American Type Culture Collection (Manassas, USA) Human umbilical vein endothelial cells (HUVECs) from the Central South University Xiangya School of Medicine, (Changsha, China) were maintained in H-DMEM supplemented with 10% heat-inactivated FBS and were incubated in a humidified 5% CO~2~ incubator at 37°C. For the experiments, the cells were plated in 6 well dishes and incubated for 24 hours. Subsequently the medium was exchanged with fresh medium containing different concentrations of ATO as indicated in respective figures. Vehicle was used to treat the control cells. Cell treatments were conducted for another 24 hours. Actinomycin D (10 μg/ml) was added to the cells 30 min earlier than addition of ATO. TSA (500ng/ml) was added to the cells at the same time as ATO.

RNA purification and RT-QPCR
----------------------------

Total RNA from the treated cells was purified with a TRIzol Reagent following the manufacturer\'s instruction. The purity and quantity of the RNA were measured with a spectrophotometer and the quality of RNA was monitored by agarose gel electrophoresis. After treatment with RNase-free DNase I, RNA was subjected to reverse transcription with a RT-reaction Kit. The cDNA product was amplified and quantified with 7300 Real-time PCR system (Applied Biosystems) in a 25 μl reaction volume using SYBRR Green PCR Master Mix. The primer sets used for PCR amplification are shown in Table [1](#T1){ref-type="table"}. The thermal cycling program consisted of 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C. After amplification, a melting curve was generated and data analysis was performed by Dissociation Curves 1.0 software (Applied Biosystems). The normalized value was expressed as the ratio of mRNA of the target gene to mRNA of the reference gene (β-actin) in each sample. The magnitude of activation was expressed as the ratio of the normalized values of each group treated with ATO to that of the control group.

Protein extraction and western blotting analysis
------------------------------------------------

Total cellular protein was extracted by a modified radioimmunoprecipitation (RIPA) buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 0.5% Na-deoxycholate, 1% NP-40, 1 mM PMSF, 1% Trasylol, 0.1% PEFA and 10% Glycerol)**.**Nuclear protein was extracted by a nuclear protein extraction kit from Signalway Antibody (Maryland, USA), following the manufacturer\'s instruction. Protein samples were resolved by 10% SDS-PAGE and then were transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, USA). After blocking and washing, the membranes were incubated with primary (rabbit anti-human HO-1 and rabbit anti-human NFE2L2 polyclonal antibodies and mouse anti-human β-actin and mouse anti-human histone H3 monoclonal antibodies, respectively). Following extensive washing, the membranes were incubated with horseradish peroxidase (HRP)-labeled anti-rabbit IgG or HRP-labeled anti-mouse IgG for 1 h. After washing the membranes, the immunoreactive bands were visualized by using an ECL kit, and then the membranes were exposed to film and analyzed by using an automatic gel imaging analysis system (Gene, Cambridge, UK).

Immunocytochemical staining assay
---------------------------------

Following the manufacturer\'s instruction, immunocytochemical staining was carried out by a SP DAB Detection Kit, based on Streptavidin-Peroxidase, purchased from Fuzhou Maixin Biotech Co., Ltd (Fuzhou, China)**.**

Statistical analysis
--------------------

All calculations and statistical analyses were performed using GraphPad Prism 5.0 software (San Diego, CA, USA). Student\'s *t*-test was used to analyze the significance of any differences between two groups. P\<0.05 was considered statistically significant.

Results
=======

High induction of HO-1 by ATO in human osteosarcoma cells
---------------------------------------------------------

As the first step to investigate the molecular mechanisms underlying the induction of HO-1 from exposure to ATO in the cells, we examined the specificity of the induction. Human osteosarcoma MG63 and U2OS cells and non-malignant human umbilical vein endothelial cells (HUVECs) were exposed to ATO. HO-1 mRNA and protein were analyzed by RT-QPCR and western blot, respectively. As shown in Fig. [1](#F1){ref-type="fig"}, HO-1 mRNA was increased by more than 80 and 120 fold in human osteosarcoma MG63 and U2OS cells, respectively, but by less than 8 fold in HUVECs (Fig. [1](#F1){ref-type="fig"}A). HO-1 protein was increased by more than 6 and 8 fold in human osteosarcoma MG63 and U2OS cells, respectively, but increased by less than 2 fold in HUVECs after exposure to ATO (Fig. [1](#F1){ref-type="fig"}C). These results indicate that high expression of HO-1 induced by the exposure to ATO occurs in human osteosarcoma MG63 and U2OS cells but less marked in HUVECs.

ATO induced HO-1 transcription in MG63 cells
--------------------------------------------

To distinguish between activation of the transcription rate and the suppression of the mRNA turn over as the molecular mechanism underlying the induction of HO-1 after exposure to ATO, we then analyzed HO-1 mRNA of the cells exposed to ATO in the presence and absence of a transcription inhibitor Actinomycin-D (Act-D). We also analyzed HO-1 mRNA in the presence and absence of histone deacetylase inhibitors (TSA) to determine whether histone acetylation is involved in the HO-1 induction from exposure to ATO.

As shown in Fig. [2](#F2){ref-type="fig"}, HO-1 mRNA was increased by more than 80 fold in human osteosarcoma MG63 (Fig. [2](#F2){ref-type="fig"}A) in the absence of Act-D, but the high induction was abolished by the transcription inhibitor. These results indicate that the induction of HO-1 from exposure to ATO in MG63 cells resulted from its regulation on the transcription rate of the gene, but not from the suppression of the mRNA turn over. However, histone deacetylase inhibitors TSA had no effects on the induction (Fig. [2](#F2){ref-type="fig"}B). These results indicate that the histone acetylation is not involved in the HO-1 induction from exposure to ATO.

ATO enhanced the nuclear translocation of NFE2L2
------------------------------------------------

ATO has been frequently reported to induce cellular ROS production in many normal and malignant cells [@B11], [@B16], [@B17]**.** NFE2L2, as a transcription factor, plays a crucial role in regulating genes which contain antioxidant response elements (ARE) in their promoters [@B18], [@B19]; many of these genes encode proteins involved in the removal of intracellular reactive oxygen species (ROS) [@B18], [@B19]. To explore the molecular mechanisms underlying the induction of HO-1 after exposure to ATO, we analyzed the expression levels of NFE2L2 in the total cellular and the nuclear proteins by Western-blot and Immunocytochemical staining assay. Fig. [3](#F3){ref-type="fig"} shows the changes of NFE2L2 protein levels among the total cellular and nuclear proteins, respectively. A and B are representative photographs of Western-blots. C and D are statistical analysis of the results. Among the total cellular protein there was no significant change in the levels of NFE2L2 (T-NFE2L2 in Fig. [3](#F3){ref-type="fig"}C) following ATO treatment. However, within the nuclear protein there was a clear dose-dependent increase of NFE2L2 (N-NFE2L2 in Fig. [3](#F3){ref-type="fig"}D) after the cells were exposed to ATO. These results indicate that the translocation from the cytoplasm to the nucleus of NFE2L2 is an underlying molecular mechanism for the high induction of HO-1 that is responsible for the resistance of human osteosarcoma cells to ATO treatment. The conclusion was further supported by Immunocytochemical staining assay. As shown in Fig. [4](#F4){ref-type="fig"}, the nuclei of MG63 cells exposed to ATO express stronger NFE2L2 than untreated cells, as visualized by Immunocytochemical staining.

Discussion
==========

The resistance of osteosarcoma cells to chemotherapeutic drugs remains a major factor that limits current treatment modalities for osteosarcoma. In a previous study, we found that induced expression of Heme Oxygenase-1 (HO-1) is responsible for the resistance of human osteosarcoma cells to chemotherapeutic agent ATO [@B16]. In the present study, we found that ATO induced high expression of HO-1 in human osteosarcoma cells and that the induction was due to the transcriptional regulation of the gene, but not due to changes in the mRNA turn over. HO-1 is a key redox enzyme and plays an important role in the removal of intracellular ROS, which prevents ROS-mediated apoptosis. The transcriptional regulation of HO-1 determines the level of the encoded protein and therefore influences the ability of the cells to remove the intracellular ROS, which further prevents ROS-mediated apoptosis. Our results provide new evidence for a mechanism through which osteosarcoma cells can develop resistance to ATO by enhancing the removal of intracellular ROS and protecting the cells from apoptosis via the induction of HO-1 transcription. These results are consistent with previous reports in which ROS was involved in arsenic induced cell death in human leukemia cells [@B20], hepatocytes [@B21] and in testicular tissue of the experimental rats [@B22].

Gene transcription is regulated through the interactions between the trans-factors and cis-elements in the regulatory region of the gene [@B23]. NFE2L2 is a transcription factor which is a member of a small family of basic leucine zipper (bZIP) proteins and regulates genes which contain antioxidant response elements (ARE) in their promoters [@B24]-[@B26]; many of these genes encode proteins involved in response to injury from oxidative stress [@B27].

The results in this study provide more insight into the transcriptional regulation of the HO-1 gene in human osteosarcoma cells and on the removal of intracellular ROS. These findings indicate that the nuclear translocation of transcription factor NFE2L2 play a crucial role in the transcriptional regulation of HO-1 gene, which was associated with the resistance of the cells to ATO. These findings also provide more understanding of the molecular mechanisms underlying the induction of HO-1 after exposure to ATO in osteosarcoma cells and are supported by the previous studies in which NFE2L2 was involved in inducing cisplatin resistance in ovarian carcinoma [@B28].

Conclusions
===========

In the present study, we found that ATO up-regulated HO-1 expression in human osteosarcoma cells and that ATO activates HO-1 expression via its regulation of the transcription of the gene in MG63 cells. Furthermore, we determined that the activation of transcription was mediated by promoting the nuclear translocation of NFE2L2. These results indicate that transcriptional activation caused by the nuclear translocation of NFE2L2 is an underlying mechanism for the high induction of HO-1 which can account for the resistance of human osteosarcoma cells to ATO treatment.
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![**Induction of HO-1 in human osteosarcoma cells following treatment with ATO.** Cells were exposed to 10 μM ATO for 24 hours. The mRNA and protein were then analyzed by RT-QPCR and western blot, respectively. The amount of mRNA and protein were normalized to β-actin mRNA or protein. Relative fold activation was calculated based on the ratio of the normalized values of the cells treated with ATO to that of the control cells. The data are expressed as the mean ± SD, N=6, \**P*\<0.05 and \*\**P*\<0.01 versus control cells without exposure to ATO.](ijmsv12p0674g001){#F1}

![**Actinomycin-D abolished HO-1 induction in MG63 cells following their treatment with ATO.**Cells were exposed to ATO (10 μM) for 24 hours in the presence of Act-D or vehicle. Act-D (10 μg/ml) was added to the cells 30 min earlier than addition of ATO and TSA (500ng/ml) was added to the cells at the same time as the addition of ATO. HO-1 mRNA was analyzed by RT-QPCR and the amount of mRNA was normalized to β-actin mRNA. Relative fold activation was obtained based on the ratio of the normalized values of the cells treated with ATO to that of the untreated control cells. The data are expressed as the mean ± SD, N=6, \*\**P*\<0.01 versus control cells without exposure to ATO.](ijmsv12p0674g002){#F2}

![**The exposure to ATO caused nuclear translocation of NFE2L2 in MG63 cells.**Cells were exposed to ATO for 24 hours at the concentration indicated in the figure. Total cellular and nuclear proteins were separated by PAGE and subjected to Western blot analysis. For photography and densitometric analysis, Quantity One software (Version 4.6.3, Bio Rad, USA) was used. NFE2L2 proteins in total cellular and nuclear proteins were normalized for loading to β-actin and Histone H3 protein, respectively and expressed relative to the value of the untreated control cells. Fig. [3](#F3){ref-type="fig"}A and Fig. [3](#F3){ref-type="fig"}B are representative photographs of Western blots of total cellular and nuclear protein, respectively. Fig. [3](#F3){ref-type="fig"}C and Fig. [3](#F3){ref-type="fig"}D are statistical analysis of quantified western blots. The data are expressed as the mean ± SD, N=6, \*\**P*\<0.01 versus the control cells without exposure to ATO.](ijmsv12p0674g003){#F3}

![**NFE2L2 nuclear translocation in MG63 cells induced by the exposure to ATO.**Cells were exposed to ATO (10 μM) or vehicle for 24 hours. The expression of NFE2L2 protein was visualized by immunocytochemical staining. The figures are representative photographs of immunocytochemical preparations of the cells with (ATO+) and without (ATO-) exposure.](ijmsv12p0674g004){#F4}

###### 

Primer sets used for RT-QPCR

  Genes         Primer sets   Sequenes                        GenBank
  ------------- ------------- ------------------------------- -----------
  **HO1**       Forward       5\'-CAGTGCCACCAAGTTCAAGC-3\'    NM_002133
                Reverse       5\'-GTTGAGCAGGAACGCATCTT-3\'    
  **β-actin**   Forward       5\'-CATGTACGTTGCTATCCAGGC-3\'   NM_001101
                Reverse       5\'-CTCCTTAATGTCACGCACGAT-3\'   
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